A study of the association of serotonine with 5'-AMP by PM R spectroscopy is described. The association constants obtained from the chemical shift of non-equivalent protons show considerable variation outside experimental error, a fact which wT as reported by several authors. To support the suppositon that small amounts of complexes of different stoichiometry, -which in general can hardly be detected -, are responsible for this phenomenon, computer simulation of various hypo thetical systems were investigated. The results clearly demonstrate that the neglect of minor fractions of complexes of different stoichiometries lead to significant variation in the association constants calculated for different protons, provided that these protons experience different magnetic enviroments in the different complexes.
Introduction
PMR-spectroscopy is often applied for the deter mination of affinity constants of weak complexes. Several investigations have shown that significant variations in the apparent association constants are obtained, when chemical shifts of non-equivalent protons are observed 1_3. In a study of the inter action of nucleotides with amines related to the aromatic amino acids we also evaluated different association constants for different protons both in linearized computations according to Benesi-Hildebrand or Scatchard and in non-linear direct least square fits of the data4. These evaluations were based on a 1:1 stochiometry which was supported by the appropriate experiments 5. Minor deviations from this stoichiometry, which are difficult to be demonstrated experimentally but cannot be ex cluded, are supposed to be the reason for the ob served variations in the association constants. This was also suggested by Foreman et al. *. In the present work the association of serotonine (5-hydroxy tryptamine) and 5 -AMP (adenosine-5 -monophosphate) is described, in order to illustrate an example of different affinity constants obtained for different protons. To show that small deviations from the stoichiometry applied could be the origin of deviations in the apparent association constants, computer simulations were performed. Chemical shifts for protons were calculated based on the asRequests for reprints should be sent to Dr. Karl G. W ag ner, Gesellschaft für Molekularbiologische Forschung mbH., D-3301 Stöckheim/Braunschweig. sociation of two different molecules which pre dominantly form a 1:1 complex but include minor contributions from complexes of different stoichometry. If one now evaluates association constants from these calculated shifts but neglects the contribution from the minor complex fractions, values of signi ficant variation are obtained provided that different protons experience different magnetic environments in the different complexes. These computer simu lations were based on experimental data and estimated parameters related to the association of serotonine and S'-AMP; the results, however, are of general validity explaining a phenomenon which is very often observed. where $obs, < 5 f and (3C are the observed chemical shift, the chemical shift of free and complexed A , respectively; A0 and A B are the initial concentra tion of A and that of the complex at equilibrium, respectively. Using chemical shift changes zfobg = < 5 0bs -and Ac = Sc -S[, one obtains a simple equation for the complex concentration:
Results and Discussion
c By non-linear least square curve fitting mentioned above apparent association constants ( £ app) and upfield chemical shifts (Av) of the pure serotonine-5 -AMP complex were determined for each case, and Table I shows the data obtained from the dif ferent protons. It is clear that there is a variability in the apparent association constants that is beyond the error of estimation especially for the protons of the nucleotide. Recently, Liidemann and von Goldammer6 re ported studies on self-association of nucleosides in water and water-benzene mixtures. These authors normalized the chemical shift changes of the dif ferent protons, in that for each proton they divided the observed values by standard chemical shift changes obtained at a reference concentration and temperature. The idea was to eliminate the influence of solvation which they believe to be the reason for the variability in K app . We tested this proposal with some of our data, but without success. The failure is obvious, as always the ratio Zf0i,s/zJe (Eq. (2)) is put into the Scatchard or Benesi-Hildebrand approximation and also into the non-linear direct equation; standard chemical shifts will be attributed as constant factors to both the observed chemical shift changes (^0bs) ar*d the extrapolated shift of the complex (Ac) and therefore eliminated.
A more plausible explanation for the origin of the variabality in K.APP may be found in the ap pearance of other complexes with stoichiometries different from those applied for the calculations. In order to illustrate this possibility, computer simula tions were investigated; the parameters of the present model were chosen as to approximate the association of serotonine and 5 -AMP. The model contains two partners A and B (A representing the nucleotide and B serotonine) which mainly form a 1:1 complex:
A + B^± A B (K ab)
but minor contributions from complexes of dif ferent stoichiometry may be considered:
A + A^A A (Kaa) A B + B ^ A B2 (KABt)
These equilibria were chosen because previous experiments showed that S^AMP has a stronger stacking tendency with self-association than serotonine 5 and because there is a possible equalization of the electric charges in the A B2 complex (at neutral pH the nucleotide bears two negative charges and serotonine one positive charge).
The initial concentrations of the two partners are defined by the following equations:
A0 = A[ + 2 A A + A B + A Bo B0= B i + A B + 2ABo
( 3) where Af and Bf are the concentrations of the free partners, A A, AB and A B2 are the concentrations of the respective complexes. Taking a set of appro priate association constants for the three complexes and the stoichiometric and mass equations, the con centrations of the different species of complexes present in the equilibrium can be calculated. This was done for two series of simulated experiments, keeping A0 constant and varying B0 and vice versa. A0 (Fig. 3 ) dimerization of A becomes significant, whereas increasing concentrations of B0 enhance the weight of the complex A B2 (Fig. 4) .
As the next step sets of appropriate chemical shift differences (Ac) for protons in the hypothetical pure complexes were chosen. With each set of parameters (association constants and Ac values) hypothetical "observed" chemical shifts can be cal culated which are the sum of the products of pro ton fraction and chemical shift of the respective complex species, e. g. ly lower than those obtained by non-linear direct curve fitting, presumably because the former method neglects the square term resulting from the mass equation which may especially influence data ob tained at low B0 and A0 values, respectively. With the set of Ax values taken as the basis of the com putations of Table II , a comparison of the apparent association constants obtained by varying A0 with those obtained by varying B0 shows that generally the former, obtained by varying A0 (nucleotide) and recording the chemical shift of protons of B0 (serotonine, tryptamine), are significantly larger than those constants obtained by the reverse proce dure. This bias was also found with real measured values in the case of S^AMP and serotonine (Table I ) and of ä^-AMP and tryptamine4' 5 and is consistent with the existence of the complex A B2, which contributes only little in a series of experi ments where A0 is varied but very significantly in those experiments where B0 is varied (cf. Figs 3  and 4) . Taking a constant set of K[ values and varying the chemical shift changes A \ is of much interest because this case simulates -like in real experi ments -the situation of different protons in dif ferent complexes; the concentrations of which are determined by a set of inherent K\ values. However, different protons in general experience different magnetic environments in the same complex and the same proton also experiences different shielding in different complexes. The data of Table III clearly   Table III indicate that the association constants calculated from approximations neglecting minor complex species of stoichiometries different from the major complex greatly depend on the choice of the Aj parameters. With the set of complexes as the basis of the present work (A A, AB and A B2) it is further obvious that the dependence on the A \ parameters is much more sensitive in experiments where the proton chemical shifts of A is recorded and B0 varied than in the reverse experiments. This situation is reflected by the experimental data pre sented above, apparent association constants related to the protons of S^AMP differ more strongly than those related to serotonine protons (Table I) . The same was found in the association of 5r-AMP and tryptamine4,5. Table II protons. This figure clearly demonstrates that it is mainly the A B.2 complex, bringing its influence to bear in experiments were B0 is varied, which gives rise to significant changes in the concentration de pendence of the "observed" chemical shift. A com parison of the results obtained by simulating cal culations (Table II I and Fig. 5) and by experiments on the association of ö^AMP with serotonine (Table I) and tryptamine, respectively, makes clear that the variability in the equilibrium constants is larger with the values of the simulated model than with the real experiments. Smaller values than 2.5 M" 1 of £ Ab2 for the higher complex may be adequate to account for the experimental cases. This illustrates that rather small fractions of com plexes with deviating stoichiometries which may hardly be detected can give rise to significant varia tions in the association constants determined for dif ferent protons provided that these protons are dif ferently shielded in the different complexes.
Experimental 5 -AMP was purchased from Boehringer GmbH, Mannheim, and serotonine oxalic acid salt from Sigma Chemical Co. D20 solutions of these com ponents were adjusted to the desired pD and twice lyophilized. The spectra were recorded on a Varian HA-100 NMR-spectrometer equipped with a vari able temperature unit; 0.26 M monodeutero-fer£-butanol, (CH3) 3COD, purchased from ICN, Isotope & Nuclear Division, was used as internal reference. Computer calculations were performed on a Hewlett Packard Computer (Datendienst Telecomputer, Frankfurt a. M .).
This work has been supported by the Deutsche Forschungsgemeinschaft and by the Bundesministe rium für Forschung und Technologie (BCT 16). We are grateful to Dr. V. Wray for reading the manu script and useful suggestions.
